We compared the gene expression among four clinical and five environmental V. vulnificus isolates, using a cDNA microarray containing 131 genes possibly associated with pathogenicity, transport, signal transduction, and gene regulations in the pathogen. cDNAs from total RNAs of these isolates were hybridized into the cDNA microarray using the cDNA of the wild-type strain MO6-24/O as a reference. We focused on selecting differentially expressed (DE) genes between clinical and environmental isolates using a modified t-statistic. We could detect two statistically significant DE genes between virulent isolates and lessvirulent isolates with a marginal statistical significance (pvalue of 0.008). These were genes putatively encoding pilin and adenlyate cylase. Real time-PCR confirmed that these two selected genes transcribed in significantly higher levels in virulent isolates than in less-virulent isolates. Mutants with lesions in the gene encoding pilin showed significantly higher LD 50 values than that of wild type.
Vibrio vulnificus is a motile, curved, rod-shaped with a single polar flagellum, Gram-negative marine bacterium, causing infectious diseases in humans, especially in people who are immunocompromised or have an underlying condition such as hemochromatosis, liver cirrhosis, or alcoholism [1, 12] . Roles of several factors such as cytolysinhemolysin, sideropores, and metalloproteases as virulence determinants for V. vulnificus have been reported [8, 10, 13, 26] . In addition, there are some cases of a correlation between pathogenicity and characteristics such as the presence of a polysaccharide capsule, the resistance to the bactericidal components and phagocytosis of sera, and the ability to acquire iron from transferrin in V. vulnificus [7, 9, 24, 29] . There have also been many attempts to distinguish virulent and avirulent strains isolated from a variety of sources by comparison of phenotypic characteristics in order to correlate virulence with expression of a particular factor [19, 22] . Studies accumulated to date indicate that the disease elicited by V. vulnificus is onset and developed not by a single or a few factors but rather by complex activities of numerous factors including those unidentified so far. Therefore, the screening and identification of virulence factors in the pathogen is important for understanding the pathogenic mechanism of the disease elicited by V. vulnificus.
In this study, employing a cDNA microarray, we compared the expression of genes possibly associated with pathogenicity among V. vulnificus isolates that have different potentials to elicit disease. Microarray technology represents a powerful high-throughput tool that provides useful large-scale quantitative information about important cellular pathways and processes [2, 17] . Co-hybridization assays for differential microarray can compare the relative gene expression between paired queries and reference samples, allowing the identification of informative patterns of gene expression across multiple experiments. This study showed that employing a microarray for the measurement of the differential expression of genes between virulent and lessvirulent isolates of pathogen, and between sources of isolates as well, provided valuable information to identify virulence factors of pathogenic microbes.
MATERIALS AND METHODS
Bacterial Strains, Plasmids, and Culture Conditions The V. vulnificus isolates employed in this study are listed in Table 1 . Cells were grown in Luria-Bertani (LB) medium at 30 o C. Some *Corresponding author Phone: +82-2-705-8460; Fax: +82-2-704-3601; E-mail: kskim@sogang.ac.kr characteristics of these isolates have been previously determined [16] , and are summarized in Table 1 . All media and antibiotics were purchased from Difco (Detroit, MI, USA) and Sigma-Aldrich (St. Louis, MO, USA). value reached approximately 1.0 (exponential growth phase). The cells were harvested by centrifugation at 7,000 rpm for 2 min. Cells were suspended in phosphate-buffered saline (PBS) to approximately 10 8 CFU/ml and diluted to the concentration to be used. Fourweeks-old female ICR mice (Samtako Bio, Korea) were injected hypodermically in their back with 0.1 ml of serially diluted bacteria suspensions. The injected mice were observed for 48 h and the LD 5 0 value was quantified.
Measurement of the LD
Isolation of V. vulnificus Genomic DNA Preparation of genomic DNA was carried out as previously reported with some modifications [5] . In brief, V. vulnificus cells were grown in LB medium for overnight, and cells at the stationary phase were harvested by centrifugation. These cells were resuspended in TE buffer (10 mM Tris, 1 mM EDTA, pH 8.0) with 5% sarkosyl and protease K (5 mg/ml) and incubated at 37 o C until complete lysis of cells was obtained. The lysate was extracted three times with 3% NaCl-saturated phenol and subsequently with chloroform:isoamyl alcohol (24:1) and diethyl ether. Then, total DNA of V. vulnificus was precipitated by adding 95% ethanol and dissolved in TE buffer (pH 8.0) containing RNase A (40 µg/ml).
Preparation of cDNA Microarray of V. vulnificus Genes A total of 131 genes known to be associated with virulence, quorum sensing, metabolite transport, gene regulation, and signal transduction in Vibrio species were contained in the cDNA microarray (Table 2) . DNA fragments of all genes were prepared by PCR amplification using the genomic DNA of V. vulnificus MO6 24/O as a template and 18-bases oligonucleotides as primers. Each PCR primer set was Resistance to human serum; 0, not resistant; 1, weak; 2, moderate; 3, strong resistance [16] . Genotype as determined by PCR analyses; C, correlates with clinical origin; E, correlates with environmental origin [16] . ND = Not determined. (Genenmed, Seoul, Korea), dNTP (7.5 mM each), 2.5 U of Top-pfu DNA Polymerase (CoreBioSystem, Seoul, Korea), and 100 ng of the genomic DNA template. PCR was executed under the following condition: an initial denaturation step at 95 The resulting PCR products were confirmed by electrophoresis in 0.8% agarose/TBE gels. Subsequently, the amplified products were purified with the PCR clean-up kit (CoreBioSystem, Seoul, Korea). Eluents were evaporated on Modulspin40 (BioTron, Seoul, Korea) and dissolved in 15 µl of spotting buffer (50% DMSO). Microarrays were spotted on Corning GAPS II coated slides (Corning, NY, USA) using an Affymetrix 427 arrayer (Affymetrix, Massachusetts, USA).
Preparation of cDNA
All experiments were performed following the same protocol with the same batch of microarrays. Total RNA was isolated from cells grown in LB medium at 37 o C [14] by using TRI REAGENT (Molecular Research Center, Cincinnati, USA) according to the manufacturer's protocol and further purified using RNeasy mini kit columns (Qiagen, Valencia, USA). The purified RNA was precipitated with ethanol and dissolved in 20 µl of distilled deionized water. About 200 µg of the total RNA sample was used to prepare cDNA. The total pool of messenger RNA from each cell population is used to prepare fluorescent-labeled cDNA by reverse transcription in the presence of aminoallyl-labeled nucleotide precursors, and then cDNA coupling with Cy3 or Cy5.
Labeling of cDNA with Cy3 and Cy5 5-Aminoallyl-dUTP (Sigma, USA) at 200 µM was incorporated in the first strand by randomly primed reverse transcription reaction using 400U Superscript II (Stratagene, USA). N-Hydroxysuccinimide (NHS) ester (4.5 µl) of Cy3 or Cy5 dye (Amersham Pharmacia, Sweden) in DMSO was added for coupling. The labeled cDNAs were purified with the QIAquick PCR purification kit (Qiagen, CA, USA) and dried in a speed vacuum. The slide with microarray was placed in a conical tube with the prehybridization buffer (5× SSC, 0.1% SDS, 1% BSA) at 42 o C for 45 min. times and dried by centrifugation at 500 rpm for 5 min. Microarray slides were scanned by using a GenePix 4000B dual-color confocal laser scanner (Axon Instruments, USA). For every spot, the resulting fluorescence intensity of each of the labels was measured and compared by using the GenePix Pro 5.0 software system (Axon Instruments, USA).
Design of cDNA Microarray Each array had 131 bacterial genes duplicated 10 times on it using eight print-tips. For the hybridization of two samples, we employed the reference design in which the cDNA of V. vulnificus MO6-24/O was used as the common reference. Each cDNA sample of V. vulnificus isolate was hybridized together with the reference cDNA on the same array. Each bacterial strain has four technical replicates, where two were labeled forward and the other two labeled backward to minimize the dye bias. Therefore, the total number of arrays for the experiment is 36 (9 strains × 4 replicates/stain).
We have to note, here, that three levels of replications (i.e., biological and technical replicates and duplications within an array), were imbedded in the design [2] , where nine bacterial strains correspond to biological replicates, four arrays per strain represent technical replicates, and multiple spotting in an array is the duplication.
Statistical Analysis of cDNA Microarray Data
We filtered out poor quality spots on an array by excluding spots whose background intensities were lower than 1.3 times of the background intensities at either channel. The number "1.3" was determined by trial and error and was based on how one could efficiently eliminate the low intensity signals often represented by a "banana shape" [4] . The number of genes having at least one measurement out of 10 duplicate spots for 36 arrays ranged from 68 to 126 (mean=105.1, sd=15.50, median=104, first quartile=99, third quartile=119.2). We took a median of k duplicate spots (k=1, …, 10) for a gene, and this median represented the log intensity ratio , where the subscript "grs" corresponds to the g-th gene in the r-th replicate array for the s-th strain, g=1, … G r s , r=1, …, 4, s=1, … 9.
We performed within print-tip group location-scale normalization using loess [28] . That is, we set the median of each print-tip group to be zero and the variance being equal for each print-tip group within an array. Then multiple slide scale normalization was followed. We used 0.65 for the cut point of no-missing proportion (NMP) to delete spots containing missing values for more than 35% of the total number of arrays. This filtering process yielded 102 genes with 36 arrays, which is denoted by a 102 × 36 matrix. Missing values in the 102 × 36 matrix were imputed by the k-nearest neighbor (KNN) method using an R package "impute" [23] . The imputed 102 × 36 matrix is now the data set for the statistical analysis.
Identifying a set of DE genes between VG and LVG can be formulated as a problem of multiple hypothesis testing as follows: , and , respectively, for g-th gene, g=1, …, 102. There are several approaches to multiple hypotheses testing in the context of the cDNA microarray experiment [3] . We used two R packages, "Limma" [18] and "Multtest" (http://www.bioconductor.org/ packages/release/bioc/html/multtest.html), which output false discovery
rate (FDR) and family-wise error rate (FWER), respectively, as a means of controlling the type I error rate. We used the maxT procedure in the Multtest R package.
Comparative Analysis of the Gene Expression Using Real-Time Polymerase Chain Reaction (RT-PCR)
Total RNA from each tested V. vulnificus isolate (200 µg per strain) was prepared to synthesize cDNA. Primers for a real-time PCR were designed using ABI PRISM Primer Express software (PE Applied Biosystems, Foster, USA). The primer sets used in this study are shown in Table 3 . The RT-PCR was carried out using a SYBR Green PCR master mix with Applied Biosystems' 7500 Real-Time PCR System (PE Applied Biosystems, Foster, USA). The PCR was carried out for 40 cycles as follows; hybridization for 2 min at 50 CT) [30] .
Construction of a Deletion in VV1_3114
We constructed a null mutant with a deletion in VV1_3114 putatively encoding a pilin. A DNA fragment spanning the 3' end of VV1_3115, which locates in the upstream of VV1_3114, and the 5' end of VV1_3114 was PCR-amplified using primers 3114F5 (5'-GGGCCC AATCGATGGGTACTTGT-3') and 3114B7 (5'-CTGCAGACTACG ATCAATTCTATTAG-3'). The resulting fragment F5B contains ApaI and PstI sites at each of both ends. In the same manner, the fragment spanning the 3' end of VV1_3114 and a half part of VV1_3113, which locates in the downstream of VV1_3114, was amplified using primers 3114F8 (5'-CTGCAGGGGGGCGGACTTTGCCGTG-3') and 3114B6 (5'-AGATCTACTGGGCCATTGTGA-3'). The resulting fragment F8B6 contains PstI and BglII sites at each of both ends. The F5B and F8B6 fragments were cloned into pGEMT-Easy (Promega) to construct pGEM-F5B and pGEM-F8B6, respectively. These constructs were digested with PstI and ligated to make a concatamer. From this construct, the ApaI-BglII fragment, which has a deletion in VVI_3114, was cut and cloned into pBluescriptII (Strategene). The 1.2-kb Km r -cassette from pUC4K [21] was cloned at the center of the ApaIBglII fragment using the PstI site. The resulting ApaI-BglII fragment containing the Km r -cassette at the center was cloned into pDM4 [11] , and the resulting plasmid was introduced into MO6-24/O. By selecting Km-and sucrose-resistant and Cm-sensitive transconjugants, a derivative of MO6-24/O, which has a Km-resistant cassette inserted in VV1-3114 by an allelic exchange, was isolated and named MO6-3114K. The construct was confirmed by PCR and Southern hybridization (data not shown).
RESULTS
LD 50 Values and Grouping of Ten V. vulnificus Isolates Isolation sources and serum resistance of ten V. vulnificus strains employed in this study were described in a previous report [16] , and are summarized in Table 1 . To assess the pathogenicity of ten V. vulnificus isolates, we measured the LD 50 values toward mice. The result indicated that the group classified upon the basis of LD 50 values of ten strains is well consistent with the group categorized by the sources of those strains, with one exception of SPRC10215 (Table 1) . Generally, if not all, clinical isolates are more virulent than environmental isolates. We obtained 3.21 (p- The list of genes with statistical significance was obtained after source-dependent grouping. This ranking is based on the FWER value (for strong control of the family-wise Type I error rate) [3] . In the teststat, the values of the minus signs mean that expression of the genes in the less virulence group is lower than that in the virulence group. The Adj-p and p-value indicate adjusted p-value and p-value of the empirical Bayes statistic, respectively. value=0.008) for the two sample t-statistic for comparing two groups based on the LD 50 values in Table 1 . According to these results, those ten isolates could be divided into two groups; one is the more virulent group (VG) including MO6 24/O, LSU1866, C71840, YJ016, SPRC10143, and SPRC10215, and the other is the less-virulent group (LVG) including ENV1, JY1701, SS108A3A, and 300-1C1.
Genes Expressing Differently Between VG and LVG
We compared the differences in the level of transcriptions between virulence and less virulence groups through microarray analysis. As summarized in Table 4 , we determined the ranking of gene expression profiling according to statistical significance as described above. We obtained ten genes that expressed highly specific to virulence groups. The putative gene VV1_3114, possibly encoding a pilin, showed the highest expression level in the virulence group comparing with the less virulence group. In addition, the putative genes encoding adenylate cyclase, cystathionine gammasynthase, smcR, and Zn-dependent peptidase were ranked highly within the FWER values.
RT-PCR Analysis for Two Genes Selected by the Statistic Analysis
To validate the cDNA microarray results, we quantitatively measured the amount of transcripts of four genes that showed the best scores in the FWER rank by RT-PCR. For this, we did not include the gene VV1_1634 encoding SmcR, since this major quorum-sensing regulator has been well documented to be involved in the pathogenicity of V. vulnificus [6] . As shown in Fig. 1 , the levels of transcripts of these genes were generally higher in VG than in LVG, with the exception of the strains LSU1866 and 3001C1. The strain LSU1866 is a clinical isolate and showed relatively low LD50, but the expression levels of VV1_3114, VV1_1605, and VV1_1364 were relatively low among the ten strains. Meanwhile, the strain 3001C1 belonging to LVG showed the relative expression levels of all the four genes in a much higher level than other strains in LVG did, and the level was even higher than those of strains belonging to VG. Fig. 2 shows the comparisons of average values of the relative expression levels of those four genes between strains in VG and in LVG. In accordance with the cDNA microarray results, genes VV1_1123 and VV1_3114 clearly showed expression levels significantly higher in VG than in LVG. We also compared the LD 50 value of MO6 24/O with MO6-3114K carrying a deletion mutation in VV1_3114 upon 4-week-old female ICR mice. The value of the mutant was about 100-folds higher than wild type, showing that the putative pilin-encoding gene is associated with the pathogenicity of V. vulnificus.
DISCUSSION
The pathogenesis of V. vulnificus shows extreme and rapid invasiveness and concomitant tissue destruction in susceptible human hosts [20] . The symptom of the infection appears so swiftly that the development of a rapid diagnostic technique is critical for the proper treatment of patients. To develop effective diagnostic kits or therapeutic agents for pathogenic V. vulnificus, the genes related with bacterial virulence have to be continuously searched and the virulence mechanism regarding those genes need to be scrutinized.
In this study, genes differentially expressed between virulent strains and less-virulent strains of V. vulnificus were searched by employing the cDNA microarray technique. This study was based upon the assumption that there are more actively expressed genes in virulent isolates compared with less-virulent isolates, and that those genes are associated with active pathogenicity. LD 50 values of ten V. vulnificus isolates were measured to categorize those into two groups: virulent group (VG) and less-virulent group (LVG). According to the LD 50 value, MO6 24/O, LSU1866, C71840, YJ016, SPRC10143, and SPRC10215 strains were categorized as VG. ENV1, JY1701, SS108A3A, and 300-1C1 strains were classified as LVG. This categorization coincided with results of the study in the James D. Oliver group, except for the ENV1 and SPRC10215 strains [16] .
For the cDNA microarray analysis, we selected 131 representative genes that are possibly associated with virulence of the pathogen. These genes had been chosen by two criteria. First, we chose genes previously showed to be associated with the virulence in V. vulnificus (e.g., smcR, rtx, genes encoding hemolysin, proteases, and sigma factors), or in related pathogenic Vibrio spp. (e.g., genes encoding ABC-type transporters, pilins, quorum-sensing components). Secondly, we additionally chose genes that showed a higher expressed level in a cDNA microarray experiment by the addition of cyclic(L-Phe-L-Pro) (unpublished data), which is a diffusible molecule possibly acting as quorumsensing signal molecules in pathogenic Vibrio spp. [15] . We were interested in finding virulence factors among these genes.
The cDNA samples of ten V. vulnificus strains including the reference MO6 24/O strain were used for hybridization of the cDNA microarray. The microarray profiling showed that the expression of VV1_3114 (V10 pilin), VV1_1123 (adenylate cyclase), VV1_1364 (cystathionine gammasynthase), VV1_1634 (SmcR), and VV1_1605 (predicted Zn-dependent peptidase), and genes associated with signal transduction, response regulator, DNA-binding protein, and glucan phosphorylase were significantly different between virulence and less virulence groups. Among them, the genes VV1_3114 (pilin) and VV1_1123 (adenylate cyclase) showed the most differentially expressed level between VG and LVG with a statistical significance. As we confirmed this result using real-time PCR, those two genes showed a significantly higher level of expression in the virulent group compared with the less-virulent group.
Adenylate cyclase catalyzes the cyclization of the ATP molecule to produce cyclic AMP. This compound has been well characterized to be involved in numerous cellular controlling processes in response to various intra-and extracellular signals [25] . cAMP also has been implicated in pathogenicity of V. vulnificus [6] . V10 pilus has been less well characterized in terms of pathogenicity. This protein was first identified in V. cholerae [27] . Cells carrying this protein hemagglutinated human, rabbit, and sheep erythrocytes, although the purified protein did not. The implications of the protein in virulence of the pathogen remain obscure. We have observed that the mutation in the gene encoding the pilus significantly attenuated the virulence of V. vulnificus, implying the relatedness of the protein with pathogenicity. Further study needs to be carried out to elucidate the precise role of the protein in pathogenity of V. vulnificus.
Discovery of new markers associated with the pathogenicity of pathogenic bacteria will be helpful in understanding of virulence mechanism as well as worthy to being applied as a detection probe. DNA microarray is a useful highthroughput technical tool and has been widely employed to compare the expression levels of genes in different conditions in a given organism. In this study, we developed an analytical method to compare groups of data to extract genes expressed differentially depending upon V. vulnificus isolates with different pathogenic potentials. We obtained a list of genes that showed different levels of expression according to the virulence. RT-PCR confirmed that this list is valid significantly. This study showed that the transcriptomic differences between pathogenic isolates and less-pathogenic isolates provide useful information for the identification of virulence factors in pathogenic microorganisms. Further extension of this application to the whole genes in the genome could provide results useful to identifying novel virulent factors.
